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The  synthesis  and  living  cationic  polymerization  of  (2S,  3S)-(  +  h2-chloro-3- 
methylpentyl  4'-(  1  l-vinyloxyundecanyloxy)biphenyl-4-carboxylate  ( 15- 1 1 ;  and  l2S,  3Si-(^j- 
2-chloro-3-methylpentyl  4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylate  (15-8)  are  described. 
Polv(  1 5- 1  Us  and  poly(  15-8  )s  with  degrees  of  polymerization  (DP)  up  to  25  and 
polydispersities  lower  than  1.15  were  synthesized  and  characterized  by  differential  .scanning 
calorimetry  (DSC)  and  thermal  optical  polarized  microscopy.  Over  the  entire  range  of 
molecular  weights  polv(15-l  l)s  and  poly(15-8)s  exhibit  enantiotropic  smectic  A  (sa)  and  chiral 
smectic  C  (sc*)  mesophases.  In  addition,  all  polv(  15-11  )s  exhibit  a  crystalline  phase 
Polv(  1 5-8 )s  are  noncrystallizable.  However,  polyt  1 5-8 )s  w'ith  degrees  of  polymerization 
higher  than  12  exhibit  an  unidentified  sx  mesophase.  Polv(15-l  1 -co- 15-8)\7Y  (where  X/\ 
represents  the  molar  ratio  of  monomer  15-11  to  monomer  15-8)  with  DP  of  about  15  and 
polydispersities  lower  than  1.11  were  also  synthesized  and  characterized.  Both  the  sa  and  sc* 
mesophases  of  these  copolymers  exhibit  continuous  dependences  of  composition. 

Keywords:  living  cationic  polymerization  and  copolymerization;  chiral  smectic  C 
mesophase;  vinyl  ether. 

INTRODUCTION 

Since  the  first  examples  of  mesogenic  vinyl  ethers  and  liquid  crystalline  polytvunl 
eTher)s  were  reported  from  our  laboratory*,  several  other  research  groups  became  acti\ely 
involved  in  the  synthesis  of  mesomorphic  poIy(vinyl  ether)s  mainly  because  they  can  be 
polymerized  by  a  living  cationic  mechanism  and  thus  lead  to  polymers  with  well  controlled 
molecular  weight  and  narrow  polydispersity^"^. 

In  the  previous  publications  from  our  research  group  we  have  reported  the  synthesl^ 
and  living  cationic  polymerization  of  a>-j(4-cyano-4'-biphenyl)oxy)alkyl  vinyl  ethers  with 
alkyl  groups  from  ethyl  to  undecanyl^  and  of  other  mesogenic  vinyl  ethers  containing 
functional  groups  such  as  double  bond,  triple  bond  and  crown  ether^.  The  influence  of 
molecular  weight  on  the  mesomorphic  behavior  of  these  poly(vinyl  ether)s  wa:.  diseased- .  The 
first  series  of  side  chain  liquid  crystalline  copolymers  of  various  composition  with  constant 
molecular  weight  and  narrow  polydi.spersity  were  also  prepared  from  these  vinyl  ethers  via  a 
living  cationic  copolymerization^’^^-^.  All  these  experiments  have  shown  that  living  cationic 
polymerization  can  provide  a  quantitative  approach  to  the  molecular  engineering  of  side  cliain 


liquid  cr>'stailine  copolymers  exhibiting  uniaxial  nematic,  viirious  smectic  and  reer.crant  nematic 
mesophases^'^^'*^’^^. 

Since  Meyer*'  predicted  that  compounds  exhibiting  a  chiral  smectic  C  (sc*)  me^opha^c 
should  be  ferroelectric,  several  different  laboratories  have  been  interested  in  the  ^tud>  of  Mde 
chain  liquid  crystalline  polymers  exhibiting  a  sc*  mesophase‘*'-'’.  Presently,  there  i>  very  lutle 
understanding  of  molecular  design  of  side  chain  liquid  crystalline  polymers  displaying  a  ■'C  ' 
mesophase,  and  of  the  influence  of  various  architectural  parameters  of  these  poly  mers  on  their 
dynamics'^'^l. 

We  are  interested  in  the  molecular  engineering  of  side  chain  liquid  cry  sialline  polymers 
exhibiting  a  sc*  mesophase*^-.  In  previous  publications--^-''  from  this  senes  ue  have 
described  the  synthesis  and  living  cationic  polymerizations  of  S-(-)-2-meihy  Ibuty  1  4  -im- 
vinyloxyalkyloxy)biphenyl-4-carboxylate  w'ith  undecanyl--^,  octyl--'' and  hexyl--''  alkyl 
groups.  The  mesomorphic  behavior  of  the.se  polymers  uas  discussed  as  a  function  oi 
molecular  weight  and  spacer  length.  Copolymers  of  various  composition  with  constant 
molecular  weight  and  narrow'  molecular  weight  distribution  were  also  synthesized  by  living 
cationic  polymerization^-h,  The.se  copolymerization  experiments  allowed  the  sy  nthesis  of 
copolymers  exhibiting  sc*  mesophase  from  below  10  up  to  50-80  ^C. 

In  this  paper,  we  will  describe  the  synthesis,  living  cationic  polymerization  and 
copolymerization  of  (2S.  3S)'(-t-)-2-chloro-3-niethylpentyl  4'-(to-vinyloxy  alky  loxy  ibiphetiyl- 
4-carboxylate  with  undecanyl  and  octyl  alkyl  groups.  The  mesomorphic  behavior  of  these 
polymers  will  be  discussed  as  a  function  of  molecular  weight  and  copoly  mer  compoMtivni. 

EXPERIMENTAL 

.Materials 

4-Hydroxybiphenyl  (OT'T),  dimethylsulfate  (99"f-t-).  HBr  (48''f  i,  1 1 -bromoundr“''an- 1 
ol  (98%),  8-bromooctanoic  acid  (97%),  borane-tetrahydrofuran.  n-butyl  vinyl  ethc  (98''';  i, 
tetra-n-butylammonium  hydrogen  sulfate  (TB.-\H),  l.-isoleucine  |(2.S,  3.Si-i+  l-.imino-3- 
methylpentanoic  acid,  |al-'--+-41‘'C  (c=4,  (i  N  llCl)]  (99%)  and  dimethyl  sul'.dc  lanhydrouv. 
99%-t-,  packaged  under  nitrogen  in  sure/seal  bottle;  (all  from  Aldrich),  l.lO-phcnaiuhroline 
(anhydrous,  99%),  palladium  (II)  diacetate  (both  from  Lancaster  Synthesis)  and  acety  1  chloride 
(99%)  (from  Fluka)  were  used  as  received.  Methylene  chloride  (frr,:.  Fisher)  was  purified  by 
washing  with  concentrated  sulfuric  acid  several  times  until  the  .icid  layer  remains  colorless, 
then  with  water,  dried  over  anhydrous  .MgSOa,  reBuxed  o  er  calcium  hydride  and  freshly 


distilled  under  argon  before  each  use.  Trifluoromethanesulfonic  acid  (triflic  acid,  98Q ,  from 
Aldrich)  was  distilled  under  vacuum. 


Techniques 

'H-NMR  (200  .MHz)  ;,pectra  were  recorded  on  a  Varian  XL-2(X)  spectrometer.  Infrared 
(IR)  spectra  were  recorded  on  a  Perkin-Elmer  1320  infrared  spectrophotometer.  Relative 
molecuhu'  weights  of  polymers  w'ere  measured  by  gel  permeation  chromatography  (GPC)  with 
a  Perkin-Elmer  Series  10  LC  instrument  equipped  with  LC-lOO  column  oven  and  a  Nelson 
Analytical  900  series  integrator  data  station.  A  set  of  two  Perkin-Elmer  PL  gel  columns  of 
5x10“  and  10^  A  with  CHCI3  as  solvent  (Iml/min)  were  used.  The  measurements  were  made 
at  40  using  the  UV  detector.  Polystyrene  standards  were  used  for  the  calibration  plot. 
High  pressure  liquid  chromatography  (HPLC)  experiments  were  performed  with  the  same 
instrument.  A  Perkin-Elmer  DSC-4  differential  scanning  calorimeter  equipped  with  a  T.ADS 
data  station  was  used  to  determine  the  thermal  transition  temperatures  w  hich  were  reported  as 
the  maxima  and  minima  of  their  endothermic  and  exothermic  peaks.  In  all  cases,  heating  and 
cooling  rates  were  20  ^C/min.  Glass  transition  temperatures  (Tg)  were  read  at  the  middle  of  the 
change  in  the  heat  capacity.  A  Carl-Zeiss  optical  polarized  microscope  (magnification  lOOx) 
equipped  with  a  Mettler  FP  82  hot  stage  and  a  Mettler  FP  80  central  processor  was  used  to 
observe  the  thermal  transitions  and  to  verify  the  anisotropic  textures. 

Synthesis  of  (2S.  3S~)-(  +  )-2-Chloro-3-Methylpentvl  4’-(  1 1 -Vinyloxvundecanvioxv  ibiphenvl- 
4-carboxvlate  (15-11)  and  (2S.  3S)-(-4-)-2-Ch!oro-3-Methvlpentvl  4'-(8-Vinvloxvoctvloxy) 
biphenvl-4-carboxvlate  (15-8) 

Both  monomers  15-11  and  15-8  were  synthesized  according  to  Scheme  1.  The 
synthesis  of  compounds  2,  S.  IQ.  ii  and  14  was  described  previously--^’^. 

(2S.  3S’)-(+)-2-Chloro-3-Methvlpentanoic  Acid  (2)^^ 

L-Isoleucine  ((2S,  3S)-(-i-)-2-amino-3-methylpentanoic  acidj  (26.23  g.  0.2  mol)  was 
dissolved  in  a  mixture  of  125  ml  concentrate  HCl,  90  ml  H2O  and  120  ml  1,4-dioxane.  .After 
the  solution  was  cooled  to  0-5  ‘’C,  a  solution  of  NaN02  (22  g,  0.3  mol.)  in  40  ml  H2O  was 
added  slowly  during  about  2  hours.  After  being  stirred  for  4  additional  hours  at  a  temperature 
below  5  ^C,  the  reaction  mixture  was  extracted  with  400  ml  diethyl  ether  in  4  portions.  The 
combined  ether  extract  was  washed  with  5%  aqueous  NaHC03  and  H2O,  and  dried  o\er 
anhydrous  MgSOa.  The  solvent  was  removed  by  a  rotary  evaporator,  and  the  remained 
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product  was  distilled  at  reduced  pressure  to  give  19.1  g  (64%  )  of  colorless  liquid  tb.p.  92.0- 
96.0  oC/5.0  mmHg).  iH-NMR  (CDCI3,  TMS,  5,  ppm);  0.94  (t,  3H,  CH3CH2-).  1.09  id, 
3H,  CH3CH(CH2CH3)-),  1.33  and  1.64  (2m.  2H,  CH3C1±2-).  2.12  (m.  IH. 
CH3CH2CH(CH3)-),  4.24  (d.  IH,  -CH(Cl)-),  9.98  (s,  IH.  -COOH). 

(2S.  3S)-(4-)-2-Chloro-3-Methvl- 1-Pentanol  (3) 

To  a  solution  of  LiAlHa  (4. 1  g.  0.103  mol)  in  250  ml  diethyl  ether  cooled  in  an  ice  bath 
was  added  compound  2  (15.5  g,  0.103  mol)  during  about  2  hours.  The  reaction  mixture  uas 
then  heated  to  reflux  overnight.  After  the  e.xcess  LiAlHa  was  destroyed  by  dilute  HCl.  the 
product  was  extracted  with  diethyl  ether  several  times.  The  combined  ether  solution  uas 
washed  with  H2O  and  dried  over  anhydrous  MgSOa.  Diethyl  ether  was  then  removed  by  a 
rotary  evaporator  and  the  resulted  liquid  w'as  distilled  under  vacuum  to  yield  9.9  g  of  a 
colorless  liquid  (70%),  b.p.  57.0-59.0  ‘'C/4.()  mmHg).  (CDCl’,.  TMS.  5.  ppnn; 

0.90  (t,  3H,  CH3CH2-).  1.03  (d,  3H,  CH3CH(CH2CH3)-).  1.35  and  1.63  (2m.  2H. 
CH3CH2-),  1.83  (m,  IH.  CH3CH2CH(CH3)-),  1.97  (s.  IH.  -CH2OH!.  3, .59-3. 84  im.  2H.  - 
CH2OH),  3.98  (d,  IH,  -CH(Cl)-). 

(2S.  3S)-(-t-)-2-Chloro-3-Methvlpentvl  Toluene-p-sulphonate  (4) 

Compound  3  (5  g.  0.0366  mol)  was  added  slowly  to  a  solution  of  p-toluenesulfony) 
chloride  (13.95  g.  0.0732  mol)  in  30  ml  dry  pyridine  at  0  within  one  hour,  .-\fier  it  was 
stirred  at  room  temperature  overnight  the  reaction  mixture  was  poured  into  50  ml  H2O  and  the 
product  was  extracted  with  diethyl  ether  4  times.  The  combined  ether  solution  was  wtished 
with  dilute  HCl  and  H2O,  and  then  was  dried  over  anhydrous  MgSOa.  Diethyl  ether  was 
removed  by  a  rotary  evaporator  to  give  a  light  yellow  liquid,  which  was  purified  by  column 
chromatography  (silica  gel,  CH2CI2  as  eluent)  to  yield  8.2  g  (77%)  as  a  colorless  liquid. 
Purity:  >99%  (HPLC).  >H-NMR  (CDCI3,  TMS,  5,  ppm);  0.87  (t,  3H,  CH3CH2-).  0.98  (d. 
3H,  Cii3CH(CH2CH3)-),  1.21  and  1.42  (2m,  2H.  CHyCIiy-),  1.84  tm.  IH. 
CH3CH2CH(CH3)-),  2.47  (s.  3H,  -Ph-CHy).  3.99  (d,  IH,  -CH(Cl)-).  4.18  (m.  2H  -CHy-O- 
),  7.35  (d,  2ArH,  m  to  -SO2-  ).  7.79  (d,  2ArH,  o  to  -SOy-). 

(2S.  3S)-(-H-2-Chloro-3-Methvlpentvl  4’-Hvdroxvbiphenvl-4-carboxvlate  (H) 

To  a  solution  containing  patassium  4'-hydroxybiphenyl-4-carbo.\> late  (iO)  ((1.3'  g. 
0.0253  mol)  and  1.25  g  TBAH  in  100  ml  dry  DMSO  was  added  compound  4  (7.00  g.  0.024 
mol).  The  reaction  mixture  was  stirred  at  60  ^C  for  about  20  hours,  and  then  was  poured  intn 


300  ml  H2O.  The  product  was  extracted  with  chloroform.  The  combined  chloroform  extract 
was  dried  over  anhydrous  MgSOa  and  the  chloroform  was  then  removed  by  a  rotary 
evaporator.  The  crude  product  was  purified  by  precipitating  from  the  methanol  solution  into 
water  three  times  to  remove  the  DMSO.  The  resulting  solid  was  dried  and  stirred  in  hexane 
twice  to  remove  traces  amount  of  compound  4.  The  final  product  was  then  dried  to  yield  4.7  g 
(59%)  of  a  white  solid.  Purity:  >99%  (HPLC).  'H-NMR  CCD3COCD3,  T.MS,  5,  ppm):  0.97 
(t,  3H,  CH3CH2-),  1.09  (d,  3H,  CH3CH(CH2CH3)-),  1.36  and  1.69  (2m,  2H.  CH3CH2-). 
1.98  (m,  IH,  CH3CH2CH(CH3)-),  4.33  (d,  IH,  -CH(Cl)-),  4.56  (m,  2H.  -COOCH2-). 
6.96(d,  2  ArH,  o  to  -OH),  7.60  (d,  2  ArH,  m  to  OH),  7.72  (d,  2  ArH,  m  to  -COO-).  8.05  (d. 
2  ArH,  o  to  -COO-) 

(2,S.  3S)-(-t-)-2-Chloro-3-Methylpentvl  4'-(8-Vinvloxvoctvloxv)biphenvl-4-carboxylate(  1 5-8) 
Compound  U.  (7.2  g,  0.0216  mol)  was  added  to  a  solution  of  potassium  carbonate 
(9.3  g,  0.06  mol)  in  100  ml  acetone.  After  the  mixture  was  stirred  for  2  hours  at  60  ‘’*C,  8- 
bromooctyl- 1 -vinyl  ether  (4.83  g.  0.0206  mol)  and  DMSO  (2  ml)  were  added  and  the  reaction 
mixture  was  heated  to  retlux  temperature  overnight.  Then,  the  reaction  mixture  was  poured 
into  250  ml  H2O.  The  crude  product  w-as  extracted  several  times  with  chloroform,  and  the 
combined  chloroform  extract  was  dried  over  anhydrous  MgSOa-  After  the  chloroform  u  as 
removed  by  a  rotary  evaporator,  the  remained  product  was  stirred  in  40  ml  methanol  with  hetit 
and  cooled  in  an  ice  bath  to  yield  a  white  solid,  which  was  further  purified  by  column 
chromatography  (silica  gel,  CH2Cl2/C6Hi4=5/3  as  eluent)  to  produce  4.0  g  (40%)  of  monomer 
15-8  as  a  white  solid.  Purity:  >99.8%  (HPLC).  The  thermal  transition  temperatures  (^C)  are: 
k  39.0  SA  51.3  i  on  heating,  and  i  44.5  sa  25.3  sc*  -18.7  k  on  cooling  (DSC).  'H-.N.MR 
(CDCI3,  TMS,  5,  ppm):  0.94  (t,  3H,  CH3CH2-),  1.06  (d,  3H,  CH3CH(CH2CH3)-).  1.39  (m. 
8H,  =CH0CH2CH2(CH2)4-),  164  (m,  4H,  -CH2CH2-OPh  and  CH3CH2-),  1.80  (m.  3H, 
=CH-0CH2CH2-  and  CH3CH2CH(CH3)-),  3.68  (t,  2H,  =CH-OCH2-),  4.01  tm,  3H,  -CH:- 
OPh  and  =CH7  trans),  4.18  (m,  IH,  =CH2  cis),  4.37  (d,  IH,  -CPLtCl)-),  4.58  (m.  2H.  - 
COOCtL2-).  6.43-6.53  (m,  IH,  =CH-0-),  6.98(d,  2  ArH.  o  to  -OH),  7.56  (d.  2  ArH.  m  to 
OH),  7.65  (d,  2  ArH,  m  to  -COO-),  8.1 1  (d,  2  ArH,  o  to  -COO-). 


(2S.  3S)-(-t-)-2-Chloro-3-.Methvlpentvl  4’-(  1  l-Vinvloxvundecanvloxv)biphenvl-4-carbox\  late 
(15-11) 

Monomer  15-11  was  synthesized  by  the  same  procedure  as  the  one  used  for  the 
preparation  of  monomer  1  5-8.  Starting  from  compound  JJ.  (4.56  g.  0.0137  mol).  11- 
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bromoundecanyl-1 -vinyl  ether  (4.56  g  0.0137  mol),  potassium  carbonate  (7.0  g),  100  ml 
acetone  and  2  ml  dry  DMSO  we  obtained  3.4  g  (49%)  of  15-11  as  a  white  solid.  Purity; 
>99.8%  (HPLC).  The  thermal  transition  temperatures  (°C)  are:  k  41.9  i  on  heating,  and  i  38.3 
sa  21.0  sc*  0.26  k  on  cooling  (DSC).  iR-NMR  (CDCI3,  TMS,  5,  ppm):  0.96  (t,  3H, 
CH3CH2-),  1.09  (d,  3H,  CH3CH(CH2CH3)-).  1.30  (m,  8H,  =CHOCH2CH2(CH2)4-),  1-57 
(m,  2H,  CH3CH2-),  1.69  (m.  2H,  -CH2CH2-OPh),  1.79  (m,  3H,  =CH-OCH2CH2-  and 
CH3CH2CH(CH3)-),  3.67  (t,  2H,  =CH-OCH2-),  4.00  (m,  3H,  -CH2-OPh  and  =CH2  trans), 
4.20  (m,  IH,  =CH2  cis),  4.40  (d,  IH,  -CH(Cl)-),  4.60  (m,  2H,  -COOCH2-),  6.42-6.53  (m. 
IH,  =CH-0-),  6.99  (d,  2  ArH,  o  to  -OH),  7.56  (d,  2  ArH,  m  to  OH),  7.64  (d,  2  ArH,  m  to  - 
COO-),  8. 1 1  (d,  2  ArH,  o  to  -COO-) 

Cationic  Polymerizations 

Polymerizations  were  carried  out  in  a  three-necks  round  bottom  flask  equipped  with 
Teflon  stopcock  and  rubber  septum  under  argon  atmosphere  at  0  °C  for  1  hour.  All  glassware 
was  dried  overnight  at  140  °C.  The  monomer  was  further  dried  under  vacuum  overnight  in  the 
polymerization  flask.  After  the  flask  was  filled  with  argon,  freshly  distilled  dry  methylene 
chloride  was  added  through  a  syringe  and  the  solution  was  cooled  to  0  °C.  Dimethyl  sulfide 
and  triflic  acid  were  then  added  carefully  via  a  syringe.  The  monomer  concentration  was  about 
0.244  M  and  the  dimethyl  sulfide  concentration  was  10  times  larger  than  that  of  the  triflic  acid 
initiator.  The  polymer  molecular  weight  was  controlled  by  the  monomer/initiator  ([Mlo/lflo) 
ratio.  After  quenching  the  polymerization  with  ammoniacal  methanol,  the  reaction  mixture  was 
precipitated  into  methanol.  The  filtered  polymers  were  purified  by  precipitating  from 
methylene  chloride  solution  into  methanol.  The  resulted  polymers  were  dried  in  a  vacuum 
oven. 

RESULT  AND  DISCUSSION 

Liquid  crystalline  polymers  exhibiting  chiral  mesophases  are  of  both  theoretical  and 
technological  interest^! -24,25 _  Although  some  empirical  rules  are  available  for  the  synthesis  of 
low-molar-mass  liquid  crystals  displaying  a  chiral  smectic  C  (sc*)  mesophase26,  they  are  not 
yet  available  for  the  design  of  side  chain  liquid  crystalline  poIymers^'2L24,25  Therefore,  we 
have  been  concentrating  on  developing  such  empirical  rules  useful  for  the  molecular 
engineering  of  side  chain  liquid  crystalline  polymers  exhibiting  a  sc*  mesophase. 

The  synthesis  of  monomers  15-11  and  15-8  is  outlined  in  Scheme  1.  The  synthetic 
method  used  for  the  synthesis  of  compound  2  from  compound  1  is  well  established’^^'23  and 
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t  \es  place  with  the  retention  of  configuration  of  L-isoleucine.  L-alanine--^,  D-alanine--’^*,  L- 
leucine^®  and  L-Isoleucine-^b.c  vvere  converted  to  L-chloropropionic  acid,  D-chloropropionic 
acid,  S-(+)-2-chloro-4-methylpentanoic  acid  and  (2S,  3S)-(+)-2-chloro-3-methylpentanoic 
acid,  respectively,  without  detectable  racemization.  Therefore,  the  resulted  compound  2  and 
the  subsequent  monomers  15-11  and  1 5-8  should  maintain  the  same  configuration  as  L- 
isoleucine.  The  cationic  polymerization  of  15-1  1  and  15-8  was  initiated  utth 
CF3S03H/S(CH3)2  system27  at  0  in  CH2CI2.  The  polymerization  mechanism  is  presented 
in  Scheme  II.  The  polymerization  results  are  summarized  in  Tables  I  and  II.  .As  we  can  see 
from  both  Tables  1  and  II,  polymer  yields  are  lower  than  expected.  This  is  due  to  the  polymer 
loss  during  the  purification  process.  Absolute  number  average  molecular  weights  are  difficult 
to  be  determined  by  'H-NMR  spectroscopy  because  of  the  signals  overlap.  Relative  molecular 
weights  determined  by  GPC  using  polystyrene  as  a  calibration  standard  demonstrate  that  the 
ratio  of  [M]o/[I]o  provides  a  very  good  control  of  the  polymer  molecular  weight.  In  addition, 
all  polydispersities  are  lower  than  1.15.  The  relative  relationships  of  number  average 
molecular  weights  and  polydispersities  determined  by  GPC  versus  [Mlo/[Ilo  for  f>oth  polvd  5- 
li)s  and  poly('15-8')s  are  plotted  in  Figure  1.  Within  experimental  errors  all  these  dependences 
are  close  to  linear. 

Mesomorphic  behaviors  of  both  polvn5-l  l~)s  and  polv(15-8)s  were  determined  by  DSC 
and  thermal  optical  polarized  microscopy.  Figure  2  presents  the  DSC  traces  of  polvd  5-1  lis 
with  various  degrees  of  polymerization.  The  DSC  curves  of  the  second  scans  (Fig.  2(b))  are 
different  from  those  of  the  first  heating  scans  (Fig.  2(a)),  but  similar  to  those  of  the  subsequent 
heating  scans.  The  DSC  curves  of  the  first  cooling  scans  are  similar  to  those  of  the  subsequent 
cooling  scans.  Phase  transition  temperatures  and  corresponding  enthalpy  changes  are 
summarized  in  Table  I.  The  dependence  of  mesomorphic  transition  temperatures  on  the  degree 
of  polymerization  of  polvd 5- 1  l)s  is  plotted  in  Figure  3.  It  is  clear  from  Figure  3  that  all 
polv(15-l  l)s  with  various  degree  of  polymerization  are  crystalline  and  above  the  melting 
temperature  exhibit  enantiotropic  sc*  and  sa  mesophases.  These  mesophases  are  confirmed 
by  thermal  optical  polarized  microscopy.  The  representative  textures  of  sc*  and  sa 
mesophases  are  presented  in  Figure  4.  Since  crystallization  is  a  kinetically  controlled  process 
and  the  formation  of  a  mesophase  is  a  thermodynamically  ''ontrolled  process,  the  crystalline 
peaks  are  different  in  the  first  and  second  heating  scans  while  mesomorphic  transition 
temperatures  remain  the  same.  The  plots  from  Figure  3  indicate  the  strong  influence  of 
molecular  weight  on  phase  transition  temperatures. 
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The  DSC  traces  of  first  and  second  heating  and  first  cooling  scans  of  poly(  15-X)s  uiili 
various  molecular  weights  are  presented  in  Figure  5.  Mesomorphic  transition  temperatures  and 
corresponding  enthalpy  changes  are  summerized  in  Table  11.  The  dependence  of  various 
mesomorphic  transition  temperatures  on  the  molecular  weight  of  polv(  15-8  )s  are  plotted  in 
Figure  6.  As  we  can  observe  from  Figures  5  and  6,  poly(15-8is  show  enantiotropic  and 
sa  mesophases  over  the  entire  range  of  molecular  weights.  The  transition  temperatures  of  sc ' 
to  SA  of  polv(15-8)s  with  degrees  of  polymerization  up  to  6  are  overlapped  with  the  broad 
transition  peak  of  the  sa  to  i.sotropic  phase  transition.  In  addition,  polyi  15-8  )s  with  degrees  of 
polymerization  higher  than  12  exhibit  an  unidentified  enantiotropic  smectic  (sx  )  mesophase. 
Due  to  the  thermodynamically  controlled  nature  of  these  mesomorphic  transitions,  the  D.SC 
traces  from  first  and  second  heating  scans  are  similar. 

Let  us  compare  the  mesomorphic  behavior  of  polvf  15-11  )s  and  poly(  1 5-8  is.  Both 
polv(15-l  Ds  and  polvf  1 5-8ls  exhibit  enantiotropic  sc*  and  sa  mesophases.  The  transition 
temperatures  of  polv('15-8)s  from  sc*  to  sa  tire  about  25-50  oC  higher  than  those  of  polvt  15- 
il)s,  while  the  transition  temperatures  of  poly(15-81s  from  sa  to  isotropic  phase  are  about  5  to 
10  OC  lower  than  those  of  polv(15-l  Ds.  Therefore,  the  sc*  mesophase  of  polvi  15-8)s  is  more 
stable  and  appears  over  a  broader  temperature  range.  In  addition,  polv(  15-8)s  with  degrees  of 
polymerization  higher  than  12  exhibit  an  additional  sx  mesophase.  On  the  other  hand,  all 
polv(15-l  Ds  undergo  side  chain  crystallization,  while  polv(15-8)s  does  not  crystallize  at  all. 

The  copolymerization  of  15-11  with  1 5-8  is  outlined  in  Scheme  111  and  the 
copolymerization  results  are  summerized  in  Table  Ill.  All  copolymerizations  lead  to  almost 
quantitative  conversions  (determined  by  TLC).  The  copolymerization  yields  are  lower  than 
quantitative  due  to  the  polymer  loss  during  the  purification  process.  Therefore,  the  copolymer 
composition  is  identical  to  the  monomer  feed^’^’^^*^.  Attempts  were  made  to  synthesize 
polv(15-l  l-co-15-8lXA^  (where  X/Y  refers  t  -  the  mole  ratio  of  the  two  stnicture  units)  with 
the  degree  of  polymerization  of  about  15.  We  can  observe  from  Table  III  that  the  relati\  e 
number  average  molecular  weight  of  copolymers  ;ire  very  well  controlled  by  the  I.Mlo/'lIlu  ratio 
and  the  polydispersities  of  all  copolymers  are  lower  than  1.11.  Figure  7  presents  the  DSC 
traces  of  polv(15-l  l-co-15-8)X/Y  obtained  during  first  and  second  heating  and  first  cooling 
.scans.  The  mesomorphic  behavior  of  polv(15-l  l-co-lS-SiXA"  as  a  function  of  copoK  iner 
composition  can  be  observed  from  Figure  8.  It  is  clear  that  all  polv(  15-11  -co- 1 5-8 iX/T’  with 
X/Y=  1/9-9/ 1  exhibit  enantiotropic  sc*  and  sa  mesophases.  According  to  the  dependences 
from  Figure  8  th^  structural  units  of  polv(15-l  Ds  and  polv(15-8)s  are  isomorphic  in  their  sa 
and  sc*  mesophases  but  not  in  their  sx  mesophase  of  polv(15-8)s  and  in  the  crystalline  phase 


9 


of  poly(15-l  1)^.  Therefore,  copolymerization  of  15-11  and  15-8  supms^^es  the  sx  mesophase 
resulted  from  polv(15-8)s  and  the  crystalline  phase  due  to  polvl  15-11  )s.  Consequently 
poly(15-l  1-co-l 5-8)XA"  with  X/Y=l/9-4/6  are  noncrystallizable  copolymers  exhibiting  tin 
enantiotropic  sc*  mesophase  over  a  broad  range  of  temperature,  i.e.,  from  15  to  65-90  'C. 

The  results  of  these  copolymerization  experiments  have  demonstrated  how  living,  cationic 
polymerizarion  can  be  used  to  engineer  the  transition  temperature  of  a  sc*  mesophase. 
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FIGURES  AND  SCHEME  CAPTIONS 


Scheme  I:  Synthesis  of  (2S,  3S)-(+)-2-chIoro-3-meihyIpentyI  4’-(l  1-vinyIoxyundecanyloxy 
biphenyi-4-carboxylate  (15-111  and  (2S,  3S)-(-(-)-2-chloro-3-methylpentyl  4'-(8- 
vinyloxyoctyloxy)biphenyl-4-carboxylate  (15-8). 

Scheme  II:  Cationic  polymerization  of  (2S,  3S)-(-t-)-2-chIoro-3-methyIpentyI  4'-(1 1- 

vinyIoxyundecanyIoxy)biphenyI-4-carboxylate  (15-1 11  and  (2S,  3S)-(-i-)-2- 
chloro-3-methylpentyl  4'-(8-vinyloxyoctyloxy)biphenyl-4-carboxylate  (15-8'). 

Scheme  III;  Cationic  copolymerization  of  (2S,  3S)-(-t-)-2-chloro-3-methylpentyl  4'-(l  1- 
vinyloxyundecanyIoxy)biphenyl-4-carboxylate  (15-1 11  and  (2S,  3S)-(-t-)-2- 
ch!oro-3-methyIpentyl  4'-(8-vinyloxyoctyIoxy)biphenyl-4-carboxylate  (15-81. 

Figure  1 :  The  dependence  of  the  number  average  molecular  weight  (Mn)  ■  and 
polydispersity  (Mw/Mn)  A  determined  by  GPC  on  the  [M]o/[I]o  ratio. 

(a)  data  from  poly(15-1 11s:  (b)  data  from  polv(15-81s. 

Figure  2:  DSC  traces  of  poly(15-l  I)s  with  different  degrees  of  polymerization  (DP) 

determined  by  GPC.  DP  is  printed  on  the  top  of  each  DSC  scan. 

(a)  first  heating  scan;  (b)  second  heating  scan;  (c)  first  cooling  scan. 

Figure  3:  The  dependence  of  phase  transition  temperatures  on  the  degree  of  polymerization 
determined  by  GPC  of  poIv(15-llls.  (a)  data  from  the  first  heating  scan: 

Q  -T(k-sc*)  A  -T(sc*-sa)0  -T(sA-i);  b)  data  from  the  second  heating 
scan:  □  -T(k-sc*)  A  -T(sc*-sa)  □  -T(SA-i);  c)  data  from  the  first  cooling 

scan:  ■  -T(i-SA)  A  -T(sa-sc*)  o  -T(sc*-k). 

Figure  4:  Representative  optical  polarized  micrographs  (lOOx)  of:  (a)  the  sa  mesophase 
displayed  by  poly(15-lll  (DP=13)  at  87.3  ^C  on  the  cooling  scan  ;  (b)  the  sc* 
mesophase  displayed  by  polv(15-l  11  (DP=13)  at  30.0  oC  on  the  cooling  scan. 


Figure  5:  DSC  traces  of  poly(15-8  )s  with  different  degrees  of  polymerization  (DPj 

determined  by  GPC.  DP  is  printed  on  the  top  of  each  DSC  scan. 

(a)  first  heating  scan;  (b)  second  heating  scan;  (c)  first  cooling  scan. 

Figure  6:  The  dependence  of  phase  transition  temperatures  on  the  degree  of  polymerization 

determined  by  GPC  of  polyn5-8)s.  (a)  data  from  the  first  heating  scan; 
0-T(g-sc*);  O  -T(g-sx);  d  -T(sx-sc*);  a  -T(sc*-sa)  □  -T(SA-i); 

(b)  data  from  the  second  heating  scan;  O  -T(g-sc*);  O  o  -T(sx- 

sc*);  A  -T(sc*-sa)  □  -T(SA-i);  (c)  data  from  the  first  cooling  scan;  ■ -T( 
sa);  a -T(sa-sc*);  ■  -T(sc*-sx);  #-T(sc*-g);  # -T(sx-g). 

Figure  7;  DSC  traces  of  polyCl  5- 1 1  -co- 1  S-S'iXA'  with  different  degrees  of  polymerization 
(DP)  determined  by  GPC.Copolymer  composition  is  printed  on  the  top  of  each 
DSC  scan,  (a)  first  heating  scan;  (b)  second  heating  scan;  (c)  first  cooling  scan. 

Figure  8;  The  dependence  of  phase  transition  temperatures  on  copolymer  composition 
of  polv(15-l  I-co-15-8)XA'.  (a)  data  from  the  first  heating: 

O  -T(g-sc*);  O  -T(g-sx);  O  -Tfsx-sc*);  o  -T(k-sc*);  A  -T(sc*- 
sa)  □ -T(SA-i);  (b)  data  from  the  second  heating  scan:  O  *T(g-sc*);  O 
-T(g-sx);  O  -T(sx-sc*);  O  -T(k-sc*);  A  -T(Sc*-Sa)  □  -T(SA-i); 

(c)  data  from  the  first  cooling  scan;  ■  -T(i-SA);  A  -T(sa-sc*);  ♦  -T(sc*- 
sx);  •-T(sc*-g);  o  -T(sc*-k). 


I  ahic  I.  C'ationic  [X'lyiiKTi/auon  of  (2S,3S)-(+)-2-chloro-3-mcthylpcntyl  4'-{  1  l-vinyl(>xyiindecanoxy)biphenyl-4-carbc)xylaie 
(15-11)  (polymerization  temperature;  0  polymerization  solvent:  methylene  chloride;  |Mlo=0.244;  l(CH3)2SltV| Mo 
=  10;  polymerization  time:  Ihr)  and  characterization  of  the  resulting  polymers.  Data  on  first  line  under  heating  are 
from  first  heating  scan.  Data  on  second  line  under  heating  arc  from  second  heating  scan. 


>2)  sc 


I'iibic  II.  Catii'iiK  |H)lymori/.;Ui()n  or  (2S3S)  (+)-2-clilori)  VmclhyliK'niyl  4'-(H-viiiylo.\y(Kioxy  )l>iphcnyl-4-cartH>xylaio  ( 1 5-X)  (polyincn/.aiion  tcm(X'raiurc;  0  ‘’C; 

poivtiict  i/aiion  solvent:  methylene  chloride;  (M|,,=().244;  ((Cll  t)2S|(y|l|„=2();  [X)lymcri/ation  lime:  I  hr)  and  charactcri/;ition  ol  the  resulting  polymers. 
Data  on  tirsi  line  under  hesiting  are  from  first  healing.  Dat:i  on  second  line  under  healing  arc  from  .second  healing  scan. 


g  I.S.O  sx  41.6  (O.OMS)  S(;*  dO.d  (0.170)  s^  l(H).0  (0.8‘)l)  i 


( '.lUiiiik  Liipnlyincri/jiion  ol  ( I  y  II )  with  ( 1 5-K)  ([xilymcriAiiioii  tcm[x,Taiurc;  0‘’C'.  [xtlytticri/alioii  solvent;  niciliylene  chloride;  IMIa=I  15-1 1  W  15-81=0.208- 
(I  JUM.  |M  Ilk'll  1()=  15;  KCtl  i):Sliv/|l|()=  HI;  poly  men /at  ton  ttme:  lltr)  and  characieri/aiion  of  the  resulting;  polymers.  Data  on  first  line  under  heating  u^e  from 
first  lie.iiiiig  DaUi  on  second  line  under  healing  are  from  second  heating  scan. 


ClLCH;Cii-CliCCXJfl  i 


CH,NH- 


NaNO; 

6  N  HCl 


(CH30,);S0; 
aq.  NaOH 


CHXH.CH-CHCOOH 


CH3CI 


LiAlH4 
diethvl  ether 


CH3COCI 
AICI3,  CH3CI2 


CH^CH^CH-CHCH.OH  2 
CH,C1 


CH3  O  SO;Cl 
Pv 


1)  NaOBr 

2)  HCl 


*  * 


CHjCH.CH-CHCH.OTs  4 
CH3CI 


KO- 


KOH 


0 


489*0  HBr 
CH3COOH 


HO-  C-^~^^~\-OH 
QIbOH  \=/  \=/ 


DMSO 

'TBAH 


10 


Scheme  I 


CH2=CH 

6 


(CH;), 


COOR* 


(  R*=-CH.CHCHCH.CH3  ) 
"a  CH3 

15-n  (n  =  8.1 1) 


CH3CH^CF3S03' 

6 

(CH.Ih 

o 


COOR* 


15-n 


CH,CH  Cl- .SO; 

■  I 

o 

I 

o 


COOR^ 


CH3CHS^CH3)2CF3S03' 

6 

(CH2)8 

o 


COOR* 


CH3CH  (CH2CH)x.oCH2CH  t:F3S03  ■  CH3CK  (CH2CH)x.7CH2CHOCH3 

6  6  6  6  6  6 


Scheme  II 


CH2=CH  CH2=CH  H  (CH,C11),„(C11X;H)„(K11 


c 

■o 

e 

a 

b 

X 

B 


Poly(if^) 

■ 

< - 

Mn 

■ 

■ 

■ 

■ 

■ 

■ 

Mw/Mn 

■ 

1 - > 

▲AA  AAA 

'a  a 

0  5  10  15  20  25  30 


[M]o/[I]o 


Figure  1.  (b) 


PolvdS-l  n  Poly(lf-il) 


Figure 


120  H 


PolydM  I.) 


□  0° 


Figure  3.  (a) 


120  H 


Polv(i5-ll) 


Figure  4. 


(b) 


Pnlvn5-8)  Poly(liJi)  Poiy(li^) 


ooNja 


10  20 


PoIy(i£ii) 


□ 


□  A^ 
A 


s 


•k 

c 


□ 


□ 


O 


O' 


O 


oOO 


glassy 


Polv(15-8) 


□ 


□□ 

□  ^A 


s 


c 


★ 


O 


oo 


o 


OOO 


glassy 


I 


glassy 


T(0C) 


